UNCLASSIFIED 


_ AD  NUMBER _ 

AD812769 

LIMITATION  CHANGES 
TO: 

Approved  for  public  release;  distribution  is 
unlimited. 


FROM: 

Distribution  authorized  to  U.S.  Gov't,  agencies 
and  their  contractors;  Critical  Technology;  15 
NOV  1966.  Other  requests  shall  be  referred  to 
U.S.  Army  Electronic  Command,  Attn:  AMSEL-KL- 
TS,  Fort  Monmouth,  NJ  07703.  This  document 
contains  export-controlled  technical  data. 


_ AUTHORITY 

USAEC  ltr,  30  Jul  1970 


THIS  PAGE  IS  UNCLASSIFIED 


AD81276Q 


HIGH  V01TA6E  MEAKDOWH  STUDY 


Report  No.  8 


Eighth  Ouartorly  Progross  Roport 
16  Augustl966  through  15  Novomborl966 

Contract  DA-28-043-AMC-00394(E) 

AMC  Task  No.  7900.21.243.40.00 
ARPA  Ordor  No.  517 


Proparod  for: 

U.S.  Army  Electronics  Command 
Fort  Monmouth,  Now  Jorsoy 

Proparod  by: 

Ion  Physics  Corporation 
Burlington,  Massachusetts 


The  work  prepared  under  thia  contract  was  made  possible  by 

the  support  of  the  Advanced  Research  Projects  Agency  through 

the  U.  S.  Army  Electronics  Command 

* 


DISTRIBUTION  STATEMENT 


ubjoct  fo  spdtdal  oxporVW^+jols  and  each 
rnmsnCkor  f  Align  may 

roval  olCO,  jdSAECOM,  Attn: 
«outh,  Ns#tfoyoy.  0l^D3 


ECOM 


UNITED  STATES  ARMY  ELECTRONICS  COMMAND  •  FORT  MONMOUTH,  NJ. 


NOTICES 


Disclaimers 

Tha  findings  in  this  report  art  not  to  bs  oonstrnsd  ns  nn 
official  Department  of  the  Amy  position,  unless  so  desig¬ 
nated  by  other  authorised  documents. 

The  citation  of  trade  names  and  names  of  manufacturers  in 
this  report  is  not  to  be  construed  as  offieial  Government 
indorsement  or  approval  of  commercial  produots  or  servloes 
referenced  herein. 


Disposition 

Destroy  this  report  when  it  is  no  longer  needed.  Do  not 
return  it  to  the  originator. 


HIGH  VOLTAGE  BREAKDOWN  STUDY 


Report  No.  8 

Eighth  Quarterly  Progress  Report 
16  August  1966  through  15  November  1966 


Objective:  To  determine  the  factors  influencing  high  voltage  vacuum 
breakdown  in  conditions  consistent  with  high  power  tube 
operation. 


Contract  DA-28-043-AMC-00394(E) 
Technical  Guidelines  dated  27  March  1964 
AMC  Task  No.  7900.  21.  243.  40.  00 
ARPA  Order  No.  517 


This  report  was  prepared  by: 
M.  J.  Mulcahy  and  A.  Watson 


ION  PHYSICS  CORPORATION 
Burlington,  Massachusetts 


DISTRIBUTION  STATEMENT 


This  docu 
transmittal 
be  made  onl 
U.  S.  .vArmy 


ForpMonmout  New  Jersey,  07703 r 


is  subject  to  special  export  controls'®^  each 
ign  governments  or  foreign  nations lsVjiay 
p*!or  approvfVof  Comrfanding  Generi 
onics  Command^Attentsm:  AMSEL-Kl^TS, 


TABLE  OF  CONTENTS 


PURPOSE 

ABSTRACT 

LECTURES,  CONFERENCES  AND  PUBLICATIONS 

1.  INTRODUCTION 

1.  1  300  kv  System 

1. 2  Pilot  Experiment 

2.  300  KV  TEST  VEHICLE 

2.  1  Vacuum  Chamber 

2.  2  Baking  System 

2.  3  High  Voltage  Power  Supply 
2.  4  Monitoring  and  Recording  " 

2.  5  Magnetic  Field  System 

2.  6  Energy  Storage  System 

2.  7  Feedthrough  Bushing 

2.7.1  General 

2.7.2  Bake  able  Column 

2.7.3  Unbakeable  Column 

2.  8  Dielectric  Envelopes 

2. 9  Electrodes 

3.  THEORY  OF  BREAKDOWN  MECHANISM 

3.  1  General 

3.2  Cat  lode  Emitting  Conditions 

3.  3  The  Anode  Conditions 

3.  4  The  Gap  Conditions 

3.  5  Positive  Space  Charge  Field  at  tne  Emitter  Tip 
3.  6  Current  as  a  Function  of  Voltage 
3.  7  Properties  of  the  Solutions 

4.  STATISTICAL  ANALYSIS 


General 

Computer  Program  and  Calculator  Analysis 
Analysis  of  Conditioned  Breakdown  Parameters 


TABLE  OF  CONTENTS  (Continued) 


4.  4  Interpretation  of  Results 

4.  5  Further  Experimental  Confirmation 

FUTURE  EFFORT 

IDENTIFICATION  OF  PERSONNEL 

REFERENCES 


APPENDIX  1 

INTEGRATION  OF  POISSON'S  EQUATION 

APPENDIX  2 

RATE  OF  GAS  EVOLUTION  FROM  THE  ANODE 

APPENDIX  3 

THE  PUMPING  CONDUCTANCE  OF 
PLANE  PARALLEL  DISCS 


APPENDIX  4 

PREBREAKDOWN  PHENOMENA  IN  VACUUM  GAPS 


APPENDIX  5 

DESIGNED  EXPERIMENTS  ON  HIGH  VOLTAGE 
VACUUM  BREAKDOWN 


APPENDIX  6 

VACUUM  BREAKDOWN  AS  A  FUNCTION  OF 
GAP  SEPARATION 


LIST  OF  ILLUSTRATIONS 


I  as  a  Function  of  y  and  ■=— 

F  7  E 

s 

Graphical  Method  For  Determining  Prebreakdown 
Currents 


Page 

19 

20 


3  Alternative  Condition  to  Figure  2  Showing  Multiple 

Solutions 


21 


4  Network  of  Curves  to  Illustrate  Properties  of  Solutions 

as  V  Increases 


23 


5  Current  vs  Voltage  Showing  Negative  and  Positive  Slopes  24 

6  Breakdown  Voltage  and  Prebreakdown  Current  as  a 

Function  of  Gap  Separation  Showing  Dual  Breakdown  Mode  25 

7  Semi-Normal  Plot  of  the  Results  of  the  Pulse  Experiment  29 


v 


PURPOSE 


The  factors  influencing  breakdown  in  high  voltage  vacuum  devices 
will  be  studied.  The  information  obtained  will  provide  the  basis  for  improve¬ 
ment  in  the  design  of  microwave  and  modulator  tubes  that  must  operate  at  volt 
ages  greater  than  100  kilovolts  without  breakdown. 


♦ 
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ABSTRACT 


The  pilot  experiment  has  been  completed  involving  32  treatments 
and  16  replications;  of  these,  23  involved  full  3ystem  bakeout.  Procedures 
are  used  which  yielded  the  significant  unconditioned  and  conditioned  data  for 
electrode  gaps  ranging  from  1.  5  to  3.  0  cm.  The  results  have  been  statistically 
analyzed  and  a  unified  theory  of  breakdown  has  been  developed  which  is  consis¬ 
tent  v'ith  the  trends  of  this  analysis.  Finally,  the  300  kv  system  has  been  main¬ 
tained  in  a  fully  operational  state  and  assembly  of  the  magnetic  field  and  energy 
storage  systems  has  continued. 
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LECTURES,  CONFERENCES  AND  PUBLICATIONS 
Lectures  and  Conferences 


1  September  1966 

The  monthly  meeting  to  review  progress  on  the  contract  was  held  at 
IPC.  M.  Chrepta  from  Fort  Monmouth  attended.  The  results  to  date  and  the 
program  schedule  to  completion  were  discussed. 


7-8  September  1966 

The  Second  Symposium  on  Insulation  of  High  Voltage  in  Vacuum  was 
held  at  M.  I.  T.  on  7-8  September  1966.  A.  S.  Denholm,  M.  J.  Mulcahy,  J.  Shan 
non,  R.  White  and  A.  Watson  attended  from  IPC. 


14  September  1966 

-f  A  Watson  and  M.  J.  Mulcahy  visited  P.  Ingwersen  of  M.  I.  T.  ,  Lin¬ 

coln  Laboratory,  for  consultation  on  vacuum  breakdown  problems  in  the  WL  8461 
switch  tube. 


16  September  1966 

A.  Watson  visited  the  Westinghouse  Elmira  plant  to  advise  on  vac¬ 
uum  breakdown  problems  in  the  WL  8461  switch  tube. 


20-22  September  1966 

A.  S.  Denholm  from  IPC  and  G.  W.  Taylor  from  Fort  Monmouth 
attended  the  8th  Conference  on  Tube  Techniques  sponsored  by  the  IEEE  Group 
on  Electron  Devices  and  held  in  New  York. 


12-14  October  1966 


The  19th  Gaseous  Electronics  Conference  sponsored  by  the  Ameri¬ 
can  Physical  Society  was  held  at  Atlanta,  Georgia  on  12-14  October  1966. 

A.  Watson  from  IPC  attended. 
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28  October  1966 


The  monthly  meeting  to  review  progress  on  the  contract  was  held  at 
Fort  Monmouth.  M.  J.  Mulcahy  and  A.  Watson  from  IPC,  Professor  H.  Free- 
mai  >m  M.  I.  T. ,  and  M.  Zinn,  G.  Taylor,  M.  Chrepta  and  J.  Weinstein  from 
Fort  Monmouth  attended.  The  statistical  and  physical  analyses  of  the  results 

of  the  pilot  experiment  were  discussed  and  also  the  design  of  the  initial  experi¬ 
ment  of  phase  II. 


Publications 


The  following  papers  were  presented  during  the  reporting  period. 

"Drebreakdown  Phenomena  in  Vacuum  Gaps",  A.  Watson,  A.  S.  Den¬ 
holm,  and  M.  J.  Mulcahy,  2nd  Symposium  on  IHVV,  M.  I.  T.  (1966) 
(see  Appendix  4). 

"Designed  Experiments  on  High  Voltage  Vacuum  Breakdown", 

M.  J.  Mulcahy,  A.  S.  Denholm,  A.  Watson,  G.  W.  Taylor,  and 
M.  M.  Chrepta,  2nd  Symposium  on  IHVV,  M.  I.  T.  (1966). 

"Review  of  Highlights  of  the  Second  Symposium  on  Insulation  of 
High  Voltage  in  High  Vacuum",  A.  S.  Denholm,  M.  J.  Mulcahy  and 
G.  W.  Taylor,  8th  Conference  on  Tube  Techniques,  New  York  (1966). 

"Vacuum  Breakdown  as  a  Function  of  Gap  Separation",  A.  Watson 

and  M.  J.  Mulcahy,  19th  Gaseous  Electronics  Conference,  Atlanta, 
Georgia  (1966). 


1.  INTRODUCTION 


The  work  reported  herein  describes  the  eighth  three  months  of  a 
study  of  high  voltage  breakdown  in  vacuum  with  particular  applications  to  prob 
lems  encountered  in  the  development  of  high  power  vacuum  tubes. 

The  objectives  of  this  period  were  as  follows:  maintain  the  300  kv 
system  in  full  operational  state  modifying  and  checking  out  where  necessary; 
complete  the  pilot  experiment  and  carry  out  a  physical  and  statistical  analysis 
of  the  results. 


1.  1  300  kv  System 

Eleven  system  and  eight  electrode  bakeouts  were  carried  out  and 
thermocouple  records  indicate  that  satisfactory  levels  of  temperature  were 
attained.  The  high  voltage  bushing  was  assembled  eleven  times  without  prob¬ 
lems  and  the  backup  ceramic  column  was  delivered.  The  high  voltage  genera¬ 
tor  and  monitoring  r.pparatus  have  been  maintained  in  an  operational  state  and 
assembly  of  both  the  energy  storage  and  magnetic  field  systems  has  continued. 


1. 2  Pilot  Experiment 

The  pilot  experiment  has  been  completed:  during  this  quarter  the 
last  3  treatments  in  the  32  treatment  experiment  were  carried  out  as  well  as 
16  replicate  treatments.  For  each  treatment  six  gaps  were  examined  in  the 
'range  0.  5  to  about  3.  0  cm,  yielding  breakdown  voltage  and  current  data  for  un¬ 
conditioned  and  conditioned  electrodes  at  all  gap  spacings.  The  resul  s  have 
been  analyzed  both  on  a  physical  and  statistical  basis:  theories  of  the  break¬ 
down  mechanism  have  been  developed  and  within  the  limits  of  the  experimental 
error,  the  significance  of  the  various  important  factors  and  two-factor  inter¬ 
actions  determined.  Finaiiy,  the  first  experiment  in  Phase  II  has  been  designed. 
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2.  300  KV  TEST  VEHICLE 


2.  1  Vacuum  Chamber 

Eleven  system  and  eight  electrode  bakeout  cycles  were  completed 
during  which  no  measureable  chamber  leaks  developed.  The  mase  spectrom¬ 
eter  filament  and  likewise  the  valve  seal  on  the  roughing  line  were  replaced 
during  this  period. 

Prior  to  initiation  of  each  test,  the  pressure  in  the  chamber  was 
low  10  to  high  10”®  torr  region  for  electrode  only  bakeout,  and  low  10”  torr 
region  for  full  system  bakeout. 


2.  2  Baking  System 

Eleven  full  system  bakeouts  were  successfully  completed  during  the 
reporting  period  for  a  total  of  20  for  the  pilot  experiment  alone.  As  reported 
in  the  previous  Quarterly  Progress  Report  the  system  was  allowed  to  pump 
down  for  24  hours  before  raising  the  temperature:  this  has  eliminated  the  prob¬ 
lem  of  severe  outgassing  above  200#C. 

Again,  the  full  baking  cycle  takes  about  48  hours.  The  heaters  are 
energized  for  16  hours  and  this  means  that  the  electrodes  are  at  about  400®C 
for  12  hours.  After  completion  of  system  or  electrode  only  bakeout  the  elec¬ 
trodes  were  allowed  to  cool  to  less  than  50® C  before  voltage  application.  Ther¬ 
mocouple  problems  were  enocuntered  with  the  high  voltage  electrode  and  these 
have  precipitated  a  redesign  of  the  feedthrough  connections  on  top  of  the  bake- 
able  column  of  the  bushing. 


2.  .3  High  Voltage  Power  Supply 

The  high  voltage  power  supply  has  operated  satisfactorily  and  has 
provided  precise  voltage  control  and  regulation  up  to  300  kv  with  an  available 
current  of  greater  than  200^A.  The  screens  and  the  belt  in  the  generator  have 
been  replaced  as  also  h-\s  the  oil  in  which  is  housed  in  high  voltage  cable  ter¬ 
mination.  It  seems  desireable  to  carry  out  the  latter  operation  after  every  l6 
treatments. 


2.  4  Monitoring  and  Recording 

The  monitoring  and  recording  apparatus  has  functioned  satisfactor¬ 
ily  providing  records  of  the  following  parameters  during  each  treatment: 
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•  total  X-radiation 

•  collimated  X-radiation 

•  light  output 

•  partial  pressure 
4  gap  current 

2.  5  Magnetic  Field  System 

The  magnet  coils  are  complete  and  final  checkout  of  the  power  sup¬ 
plies  has  been  continued. 


2.  6  Energy  Storage  System 

Assembly  of  the  energy  storage  system  is  nearly  completed  and 
final  design  of  the  trigger  circuit  has  been  started.  Stress  relieving  spinnings 
were  delivered  in  the  reporting  period.  This  will  enable  preliminary  testii  g 
of  the  unit  to  be  carried  out.  It  is  hoped  to  check  the  system  out  initially  using 
an  air  gap  at  atmospheric  pressure. 


2.  7  Feedthrough  Busning 


2.  7.  1  General 

The  feedthrough  bushing  was  assembled  eleven  times  during  the 
reporting  period.  Only  minor  problems  of  contact  between  the  springs  and  the 
rings  were  encountered.  In  some  cases,  one  or  two  springs  were  broken,  but 
it  is  of  interest  to  note  that  this  did  not  apparently  effect  the  performance  of  the 
bushing.  It  seems  also  that  the  bakeable  column  has  become  more  conditioned, 
evidenced  by  the  reduction  in  magnitude  or  complete  lack  of  pressure  surges 
which  were  associated  with  gas  release  from  the  column. 


2.7.2  Bakeable  Column 

The  bakeable  column  has  now  undergone  nineteen  bakeouts  which  is 
in  excess  of  most  of  the  estimates  of  its  lifetime  in  terms  of  heating  cycles. 
The  second  ceramic  column  has  been  received  from  the  General  Electric  Com¬ 
pany. 
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2.  7.  3 


Unbakeable  Column 


The  glass -aluminum  vinyl  seal  bonded  structure  has  operated  satis¬ 
factorily  during  the  reporting  period. 


2.  8  Dielectric  Envelopes 

Quotations  for  the  ceramic  cylinders  have  been  received  and  are 
being  evaluated. 


2. 9  Electrodes 


Nineteen  sets  of  electrodes  were  tested  and  examined  during  this 
reporting  period.  Photomicrographs  were  taken  of  electrode  surface  damage 
and  as  previously  described  all  breakdown  markings  were  categorized. 
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3.  THEORY  OF  BREAKDOWN  MECHANISM 


3.  1  General 


Refinements  have  been  made  to  the  analysis  of  a  model  dc  break¬ 
down  mechanism  for  long  vacuum  gaps.  The  analysis  is  not  complete  but 
enough  has  been  developed  to  present  a  qualitative  picture  of  what  is  happening. 
In  particular,  it  can  explain  experimentally  observed  behavior  cf  the  prebreak¬ 
down  current  as  a  function  of  voltage  and  gap  separation.  It  is  also  capable  of 
describing  the  conditions  of  instability  for  which  the  prebreakdown  current  will 
•’.un  away  to  complete  gap  failure. 

The  model  describes  the  accumulation  of  gas  in  the  interelectrode 
space  after  evolution  from  the  anode  due  to  electron  beam  heating.  Conse¬ 
quently  the  pumping  conductance  of  the  electrode  geometry  is  expected  to  be  a 
significant  factor.  This  is  apparently  borne  out  by  the  results  of  the  partial 
factorial  experiment. 


3.  2  Cathode  Emitting  Conditions 

The  field  strength  at  the  surface  of  a  cathode  protrusion  is  com¬ 
pounded  from  two  sources.  A  purely  geometrically  enhanced  field,  pE,  is 
always  present  but  this  is  supplemented  by  an  ionic  space  charge  field  gener¬ 
ated  as  an  ion  current  flows  to  it  from  the  interelectrode  space.  The  ionization 
arises  from  interaction  of  the  field  emitted  electron  beam  with  gas  evolved 
from  an  anode  hot  spot  by  diffusion  from  inside  the  metal.  Thus  the  magnitude 
of  this  ionization  depends  critically  upon  the  capability  of  the  anode  to  deliver 
gas  to  the  surface.  It  is  believed  that  this  condition  of  the  anode  specifies  in 
physical  terms  the  "degree  of  conditioning"  which  at  the  present  is  a  parameter 
which  is  only  arbitrarily  defined. 

The  total  field  strength,  E_,  is: 


ES  *  PE  +  xs  *  *r +  xs 

where: 

V  =  applied  voltage 
d  *  gap  separation 
P  =  field  enhancement  factor 


(1) 
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Application  of  voltage  to  the  emitting  tip  results  in  surface  atom  migration  and 
the  establishment  of  a  local  radius  of  curvature,  r,  and 


pE  = 


BV 


_v_ 

kr 


(2) 


There  is  thus  a  relationship  between  the  enhancement  factor  and  gap  separation. 
The  equilibrium  radius  of  curvature  is  related  to  the  surface  field  strength 
E 

g;  thus: 


rEg  =  12  Try 


(3) 


where  y  =  surface  tension  of  cathode  material.  Hence,  from  Equations  (1),  (2) 
and  (3): 


_±  V  i 

Eg  "  12  try  k  +  E  2 


(4) 


The  area  of  the  surface  of  the  tip  from  which  moet  electrons  are 
emitted  can  be  defined  by  a  cone  angle  4*  from  the  axis.  It  is: 

2 

2  ir  (1-  cos  ^  )  r 

and  therefore  it  is  dependent  on  the  local  field,  E_  Therefore: 

5s 


Area  =  2  ir  (l-coe^  )r  =  2  ir  (1  cos  ) 


12  iry 

iV 


The  total  current,  I_t  emitted  by  the  Fowler-Nordheim  effect  is  thus: 


IF  =  AEg  exp 


Hrl 


Therefore: 


v  *  “V2"*-  sr 


(5) 


where 


It  is  noteworthy  that  this  equation  predicts  a  current  maximum  as 
Es  increases.  If  this  were  the  total  electron  current,  then  no  runaway  would  be 
possible  from  a  single  protrusion.  It  is  however  supplemented  by  the  flow  Ij  of 
electrons  generated  in  the  interelectrode  space  by  ionization  of  the  gas  there. 
Thus: 


I 


I_  +  I. 
F  i 


(6) 


A  section  of  the  beam  of  depth  dz  situated  at  a  distance  z  from  the 
cathode  will  contribute  an  increment  of  electron  density  dNj  generated  per 
second  due  to  ionization  of  the  intercepted  gas  which  may  be  present. 

dN  «  Ncr.I  dz  / 

e  1  ' 


where  cr.  =  cross  section  for  ionization. 


Assuming  that  all  the  electrons  so  created  are  collected  by  the 
anode,  the  supplementary  electron  current,  I  ,  can  be  calculated: 


I.  =  /  Ncr.I  dz 

1  J  1 


(8) 


In  Appendix  1  it  is  shown  that:  if  the  gas  density  is  low  then 

Mil  =  lljand  I»Ip 


(9) 


This  approximation  will  be  assumed  in  the  following  text  to  describe 
prebreakdown  current  phenomena. 


Up  to  this  point  no  account  has  been  given  of  the  rate  of  growth  of 
gas  density  between  the  electrodes  or  of  its  contribution  in  defining  the  level  of 
ionic  space  charge  enhancement  Xg.  For  this,  it  will  first  be  necessary  to 
study  the  conditions  at  the  anode  and  derive  an  expression  for  the  rate  of  gas 
evolution.  The  pumping  conductance  of  the  gap  will  then  control  the  gas  density 
in  the  electron  beam  and  hence  the  ionization. 


3.  3  The  Anode  Conditions 

An  electron  beam  spreading  from  a  cathode  protrusion  has  a  radius 
R  at  the  anode.  The  power  delivered,  IV,  over  the  resultant  hot  spot  will  raise 
the  temperature  T  above  the  ambient  value  Ta  according  to  the  conditions  for 
thermal  conductive  equilibrium  there.  Thus: 

t  t  -  W 

a  4KR  (10) 
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c.n«  D  of  *he  VU“  *  the 


coeffi- 


D  =  D 


where  K  =  activation  energy  for  diffusion. 

can  be  derived  by  con.ide'raUM^f  ^ gaieoaVdiffuei*  T  0t‘UTtllcc  ?er  “sound 
surface  (Appendix  2,.  The  ap“oZV«e  “e.oU  i.  "  *°  *  h°*  <I>0*  «  th'  “«>« 


N  =  4RD 


n  exp 


temperaturf  at  the  .^(tc^and’^  ^bieM  vU^e.7™  ‘‘  *  W‘’*h,ed  me“  »•>« 
Taking: 

T”  ‘  1/2  <TS  +  Ts>  (13) 

then: 


m  *  Ta  +  *^2  ^T«?  "  T  )  =  T  +  — 


a  8  K  R 


and  Equation  (12)  becomes: 


N  =  4  R  D  n  exp  7  jj 

°  ,  IV 

k  T  +  AV 
a  8KR 


gap  separation  d.  Hence  fromChltVerton^  for^S  ^an^E^uatlonTz):^  ^ 


^  =  2d  sin  »ji  =  \d 


where: 


^  *  2k*  ^2  sin  tji 


Hence: 


N  =  4Dq  Xnd  exp  - 


k  T  + 


a  8KXd 


iiffmii 


where: 


=  g  d  exp 


H 


T  +  -  IV 
a  8  K  \  d 


(17) 


g  E  4D  \n 
o 


(18) 


t8aS  8i‘y  "  d6ep  inside  the  anode  “d  also  °f  the  param- 
,D°  Wfhlc,h  **  characteristic  of  the  anode  material.  Thie  "gae  supply  param- 

current°and°th  10nization  in  ,he  SaP  a”d  through  it  both  the  total  electron 
current  and  the  space  charge  field  enhancement. 

Now  putting: 


then: 


H  _ 

iT=  0 


8  K  \  =  f 


(19) 


3.  4 


N  =  gd  exp 


0 


T  +  SL 
a  fd 


(20) 


The  Gap  Conditions 


be  estimated^  d f°r  the  e^brium  gas  density  on  the  gap  axis  can 
e  estimated  by  defining  a  pumping  conductance  S  for  the  gap: 


S  = 


N 

AN 


(21) 


^r^i,:  pe  Hphe'ry.1' Hence”1  °'  m°'eCUla'  ”Umber  de",ity  bat*aa”  tha  *ap 

(22) 

3  A«,™u!".hT'V'i‘,  °f  s  a»  a  function  of  gap  separation  is  given  in  Appendix 

'  ! . “n.,ng  that  e<>uaI  numbers  of  electrons  and  singly  ionized  atoms  are  gen- 

rent  driLnTm  lh  ,h ‘I?*  V°‘Te  °f  thC  Primary  o'aotron  beam,  the  ion  cur- 

collected  «  the  6  !  calculatatl  11  a»  these  are  assumed  to  be 

collected  at  the  electrodes.  Hence,  from  Appendix  1. 
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and  the  total  electron  current  I  is: 

e 


No-  d 

lF  +  h  s  V  V  +  — JTin  fr* 


result  They  “eimp°rtant  to  outline  the  assumptions  made  in  deriving  this 


(1)  There  is  no  ionization  loss  by  recombination. 

(2)  Ions  and  electrons  proceed  directly  along  the  beam  without 
diffusion  from  it. 

(3)  Only  single  ionization  events  are  accounted  for. 

would  _  *Vl8t  thC8l  arC  Undoubtedly  approximations,  an  exact  analysis 
would  contribute  so  much  complexity  as  to  obscure  the  main  physical  reasoning. 

strength  CO"*ribution  of  the  ion  current  to  the  enhancement  of  the  field 

strength  at  the  emitting  tip  may  now  be  calculated. 

3.  5  Positive  Space  Charge  Field  at  the  Emitter  Tip 


thtk  «  •  L^W  densi£y  gas  when  Present  between  the  electrodes  will  intercept 

:  brm  “j',red  from  ,he  cath“-,e  •»!..«-. 

r“e  to  additin^!  ^°nf  W‘“  aCCelerate  »«h  few  collision,  and  give 

se  to  additional  ion  and  electron  currents.  If  enough  positive  ions  are  present 

at  any  point  the  electric  field  strength  will  be  increased  on  the  cathode  side  and 

cafcuTatdV  r0'*"  8lde;  The  additi”al  at  the  cathode  rurface  can  be 
calculated  by  integrating  Poisson's  equation  (Appendix  1).  The  result  is: 


JF  Vv  (~2N <r  (p  -  l)d 


i,/IL  LsvWYZ: 

V  ni_ 


and  since  N  =  N/S  and: 


Vi 


2ir(l  -  cos  *)r  2(12iry )  2(i  -  Cos  i|i) 


=  ifes 


r<s  rr  I  ,'rw 


then: 


X, 


V  Vv 


a 


2N  tr  (p  -  l)d 
o 


2e  |_3  S  vVvIT 


'  rn 


-  1 


(27) 


Substituting  for  N  from  Equation  (20): 


/Xsl 

2_  IFW 

2  (T  (\x  -  1) 

o 

'6d21 

J  e  1 

h1 

E  2j 
S  ' 

a' 

_  3vVvU. 

s  i 

exp  V  IV 

!  Ta+« 

(28) 


The  term  gd  /S  is  dependent  only  on  the  density  of  dissolved  gas  in  the  anode, 
the  basic  diffusion  coefficient  DQ  for  the  material  and  the  electrode  geom¬ 
etry.  These  factors  then  play  a  major  role  in  determining  the  ionization  field 
enhancement  at  the  cathode. 

It  remains  now  to  find  a  value  of  Ip  which  will  satisfy  the  above 
equation  simultaneously  with  Equation  (  5  ). 


3.  6  Current  as  a  Function  of  Voltage 

In  the  preceeding  analyses  expressions  have  been  derived  for  the, 
field  emission  current  Ip  as  a  function  of  Eg,  the  total  surface  field  strength 
at  the  cathode  projection.  The  total  surface  field  strength  is  a  combination  of 
contributions  from  the  geometrical  field  enhancement  due  to  the  shape  of  the 
tip  and  from  the  space  charge  field  Xg  of  the  surrounding  ions. 

In  a  separate  analysis  an  arbitrary  current  strength  Ip  has  been 
assumed  and  from  this  has  been  derived  the  ionic  space  charge  field  Xg,  which 
in  turn  controls  Ip.  Voltage  has  been  an  implicit  parameter  in  these  deriva¬ 
tions  and  it  now  remains  to  develop  a  means  of  solving  the  expressions  simul¬ 
taneously  by  eliminating  Xg  and  in  such  a  way  as  to  explain  the  experimentally 
demonstrated  behavior  of  current  and  voltage  at  different  gap  separations.  A 
graphical  method  of  solution  can  be  devised  as  follows: 

The  field  emission  current  is  a  function  of  1/Eg  which,  from 
Equation  (  4  ),  is  expressed  as  V/12wyk  +  Xg/Eg^.  A  new  variable  is  now 
defined: 
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y 


v 

12iry  k 


(29) 


The  field  emission  current  can  be  plotted  in  terms  of  y  by  a  simple 
shift  of  the  origin  by  the  amount  V/12iry  k  (see  Figure  1). 

Now  constructing  a  graph  with  y  and  Ip  as  the  ordinate  and  abscissa 
axes,  the  Equation  (28)  for  Xg/Eg^  can  be  plotted  directly  on  this  for  fixed 
values  of  voltage  and  gap  separation.  A  graph  of  Ip  as  a  function  of  y  can  be 
superimposed  on  the  same  diagram  using  the  shift  of  origin  which  has  just  been 
described  (see  Figure  2). 

The  asymptotic  form  of  y  (I  )  is: 

F 

y  -*  const 

F 

where  the  constant  increases  with  the  gas  supply  parameter  g  and  is  inversely 
proportional  to  the  square  root  of  the  voltage.  The  gae  supply- parameter  g  thus 
fixes  the  scale  of  the  asymptotic  parabola  Ip  in  Figures  2  and  3  which  show  two 
possible  configurations.  There  may  thus  be  one  or  three  solutions  for  Ip. 

The  stability  of  any  solution  is  the  criterion  for  breakdown  but  this 
will  not  be  dealt  with  yet  because  the  approximation  I  m  Ip  is  being  assumed  and 
the  runaway  cannot  be  adequately  described  without  modifications  to  the  present 
simple  procedure.  A  perturbation  analysis  must  be  made  to  derive  the  condition 
tor  current  instability  which  is  the  breakdown  condition.  Before  proceeding  to 
a  perturbation  analysis  it  can  be  inferred  from  the  experimental  evidence  that 
the  value  of  y  must  be  small. 

If  y  is  small  then  Equation  (29)  reduces  to  the  form: 

VE  =  12<r  y  k 
8 


and  since: 


E  «  PV 
8  “d 


then: 


V2  a  d 

which  is  observed  experimentally  for  fully  conditioned  electrodes.  Deviation 
from  this  ideal  law  however  for  inconditioned  electrodes  suggests  that  break¬ 
down  takes  place  at  significantly  large  values  of  y. 
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Figure  3.  Alternative  Condition  to  Figure  2  Showing  Multiple  Solutions 


«“rfrom  U ^via. 


^ ^  Properties  of  the  Solutions 

obtained  Th^blh*4  h°W  *  8°lution  of  Elions  (5)  and  (28)  may  bt 

there  i.  a  reversal °“  "“V  8eC,io"  varia,ion  dominate,  but  eventually 
current, uZ^LZ^VJ^.T  ^  ^  "*  «*“ 

explained  °‘  pr'br«kdo*n  current  behavior  can  be 

Figure  2.  At  thU  ^y  i.  zero  a^  tb'l'  tl“  P°8itl“  °f  *«  Po‘-t  Z  in 

enhancement.  When  the  ga.  evolutU  «t.' i‘.‘  ".0.reaultan*  ,pac«  char8«  Held 
rate  of  reduction  of  ionization  cro.e  „  alai”8  Wlth  voltage  faeter  than  the 

values  Of  In.  lonlzatlon  cro8«  section,  Z  moves  to  the  right  to  Maher 

any  one  valueT/v  *  VhrooMrz^l11  WhlCh  Y  changes  with  SaP  separation  d  for 
.hown  * 
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J 


Figure  4.  Network  of  Curves  to  Illustrate  Properties 
of  Solutions  as  V  Increases 


1-1930 
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4.  STATISTICAL  ANALYSIS 


4.  1  General 


The  pilot  experiment  has  new  been  completed,  and  a  preliminary 
statistical  analysis  carried  out  on  the  results.  This  was  a  seven  factor,  quar¬ 
ter  replicate  partial  factorial  experiment  consisting  of  32  treatments  and  16 
replications.  For  each  treatment  the  unconditioned  and  conditioned  breakdown 
parameters  for  6  gaps  in  the  range  0.  5  to  3.  0  cm  were  determined. 

The  statistical  analysis  initially  was  concentrated  on  the  conditioned 
breakdown  results.  However  before  presenting  this  and  discussing  the  trends, 
the  objectives  of  the  pilot  experiment  should  again  be  borne  in  mind.  Apart 
from  investigation  of  the  effects  of  the  seven  factors,  these  were  familiarization 
with  the  apparatus  and  with  the  statistical  technique,  and  finalization  of  a  pro¬ 
cedure  which  could  be  used  for  all  future  tests.  In  fact,  the  procedure  de¬ 
scribed  in  this  paper  was  not  finalized  until  after  about  12  treatments  in  the 
initial  run  had  been  completed.  Within  this  frame  of  reference  the  analysis  to 
date,  has  yielded  the  following. 


4.  2  Computer  Program  and  Calculator  Analysis 

The  program  has  as  input,  a  set  of  32  observations  (e.  g.  ,  1.0  cm 
gap  conditioned  values  of  breakdown  voltage)  which  has  been  set  up  in  the 
"standard"  order  for  Yates  Algorithm  described  in  ECOM  2655.  The  outputs 
of  the  program  are  given  in  two  parts,  the  first  being  a  printed  evaluation  of 
the  contrast  sums  and  coefficients  for  each  of  the  terms  of  the  mathematical 
model  implied  by  the  experimental  design.  This  is  complemented  by  a  second 
printing  in  which  these  contrast  sums  and  coefficients  are  ordered  from  larg¬ 
est  to  smallest  absolute  values  (although  the  appropriate  sign  is  retained  in 
printing).  The  second  part  of  the  output  is  obtained  after  an  arbitrary  decision 
is  made  by  the  analyst  as  to  the  least  magnitude  worth  retaining  in  the  math¬ 
ematical  model.  Having  fixed  this  value,  all  smaller  magnitudes  are  set  to 
zero  arbitrarily  and  this  new  input,  (called  X  Prime  in  the  printout  is  pro¬ 
cessed  by  the  Reverse  Yates  Algorithm  to  estimate  or  "predict"  observations 
comparable  to  the  original  input  values.  The  difference  between  the  "predicted" 
and  observed  value  is  given  in  the  column  headed  "Residuals". 


4.  3  Analysis  of  Conditioned  Breakdown  Parameters 

The  analysis  for  the  first  28  treatments  was  given  in  the  previous 
Quarterly  Progress  Report,  In  fact,  because  of  changes  in  procedure  this  only 
examined  treatments  5  through  28.  Also  this  analysis  included  both  the  uncon¬ 
ditioned  and  conditioned  breakdown  values  for  the  1.  0  gap. 
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.  „  T.he  P''*ent  ana'yaie  initially  concentrated  on  the  conditioned  break- 

t°Z  P*/r',  £°r  the  i'°  cm  gap.  The  ««lt.  were  plotted  on  a  half  normal 

grid  and  the  factors  showing  a  significant  influence  (in  order  of  rank)  were  A 

BC°(of  infractin'  E  If"”*!  g'°metr'r>'  B  (“thod'  geometry).  D  (bakeout)  and 

etry  wilh  clff  e  ma™  g'°m"ry  “°d*  ma"ria‘  “d  g*°- 

,  The  8ignificance  however,  was  insufficient  to  assign  much  relia- 
llity  to  the  results  and  accordingly  another  method  was  used.  The  break¬ 
down  law: 


V  =  Kd 


1/2 


was  found  to  be  approximately  valid  for  breakdown  voltages  below  1.  5  cm 
throughout  the  pilot  experiment.  In  the  second  analysis  the  breakdown  voltages 

,  .  !  ~  d  '  Cm  were  used  to  eompute  an  average  value  of  K  for  this 

plot  of  Figure  7.  The  same  factor,  were  found  to  influence  K  but  with  much 

?lepaio7edr  y-  ThlS  °f  COUr>'  U  h““«  «>*«  times  as  much  da.Tis 


A  further  analysis  is  planned  using  the  formula: 

VE  =  constant 
c 


where  E, 


is  the  calculated  macroscopic  surface  yield  at  the  cathode. 


effect  which™6  ?Ur?OBe°f  this  18  to  eliminate  that  part  of  the  cathode  geometry 

from  lTand  BC  and  '?  “  nat“r'’  "  ‘*  expected  ">°dify  the  to,  tributions 

any  others  operaUvc  ‘eP“ra  P“”ly  «•—*»▼  *«ects  from 


4.4 


Interpretation  of  Results 


effects  of  thT»6  nJ°St  8ignifi,Cant  resultB  of  the  experiment  are  the  pronounced 
effects  of  the  anode  material,  anode  shape  and  cathode  shape. 

of  th*  °f  a  fact0rs  PlaV  an  important  role  in  determining  the  value 

point  this  ?  appearing  in  Equation  (28).  From  the  physical  stand¬ 

point  this  parameter  is  tho  product  of  factors  g,  determined  by  dissolved  hydro- 
gen  concentration  and  diffusion  coefficient  of  the  material,  and  J/S  which  Lv 
am.  the  capacity  of  the  electrode  geometry  to  disperse  ally  ga.  evolv.d  from 

flat  on«'and  ««'isC*rd  ^T^,'  ^  *  hlgher  pumping  «nd“‘ance  than 
flat  ones  and  gas  is  dispersed  easily,  requiring  a  higher  applied  voltage  to  gen¬ 
erate  enough  gas  to  break  down  the  gap.  vouage  to  gen- 
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Figure  7.  Semi-Normal  Plot  of  the  Results  of  the  Pulse  Experiment 


The  bakeout  factor  D  shows  that  those  treatments  receiving  both 
electrode  and  complete  system  bakeout  hive  higher  breakdown  voltage  than  with 
only  the  electrodes  baked  out.  This  again  supports  the  theoretical  idea  that 
bakeout  reduces  the  dissolved  hydrogen  content  and  lowers  the  value  of  the  gas 
supply  parameter  g. 


4.  5  Further  Experimental  Confirmation 

A  further  statistical  design  is  being  prepared  to  confirm  the  theory 
that  hydrogen  in  the  anode  is  an  undesirable  factor  in  determining  breakdown 
strength.  Samples  of  copper  will  be  treated  at  three  levels  of  hydrogen  con¬ 
tent  achieved  by  high  temperature  vacuum  bakeout,  no  treatment  at  all,  and 
high  temperature  hydrogen  oven  firing.  In  each  case  the  electrodes  will  be 
baked  out  in  the  test  chamber  by  the  same  treatment  as  previously.  It  is  hoped 
that  more  widely  varying  geometry  may  also  be  tested  at  the  same  time.  The 
result  should  be  higher  reliability  in  the  trends  and  a  definite  indication  of  an 
interaction  between  gas  concentration  in  the  anode  but  not  with  the  cathode. 


min 


Ji.  ■■ 


*  - 


5.  FUTURE  EFFORT 


During  the  next  quarter  the  following  will  be  pursued:  y 

•  Statistical  vnd  physical  analysis  of  the  results  of  the  pilot 
expel  in  ;nt  will  be  continued. 

•  The  first  experiment  of  Phase  II  will  be  designed  and  initiated. 

•  The  results  will  be  tabulated  and  analyzed. 

•  Electrodes  will  be  prepared,  examined  and  photographed. 

•  The  300  kv  system  will  be  overhauled  and  maintained  in  an 
operational  state. 

•  The  magnetic  field  and  energy  storage  systems  will  be  checked 
out. 

•  Dielectric  cylinders  will  be  prepared  for  test. 

•  The  electrode  support  structure  and  the  baking  system  will  be 
redesigned  for  ease  and  reliability  of  operation. 
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APPENDIX  1 


INTEGRATION  OF  POISSON'S  EQUATION 
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INTEGRATION  OF  POISSON'S  EQUATION 


The  electric  field  strength  X  ,  at  the  cathode  surface  due  to  posi¬ 
tive  and  negative  space  charge  accumulation  can  be  derived  by  integration  of 
Poisson's  equation.  Studying  it  in  one  dimension  for  simplicity  we  have: 


d2U  d  dn\  2  /  \  J+ 

2  E  dn  dxj  ”  i+  nej  e  ”  v 
dx  I  + 


J 

e 

v 

e 


(Al-1) 


When  the  mean  free  path  of  ions  and  electrons  is  greater  than  the  electrode  gap 
separation  they  will  accelerate  freely  in  the  electric  field  and  hence: 


v 


+ 


v 

e 


(Al-2) 


where  m+,  me  are  the  masses  of  ions  and  electrons  respectively. 

Hence  for  a  flow  of  electrons  and  ions  streaming  against  one  an¬ 
other  Poisson's  equation  reduces  to: 


_d_ 

dn 


(Al-3) 


This  will  integrate  readily  for  constant  values  of  current  density  to  yield  the 
familiar  form  known  as  McKeown's  equation^  \  In  the  case  under  considera¬ 
tion  however,  the  current  densities  are  not  constant  throughout  the  gap  al¬ 
though  it  is  assumed  that  their  rato  is  when  J  and  J,  are  created  within  the 

C 
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same  volume.  The  majority  of  the  total  electron  current  however  is  provided 
by  field  emission  and  must  be  accounted  for  by  an  extra  term: 


d_  dU 
dU  dx 


(Al-4) 


Care  must  be  exercised  in  integrating  this  equation  when  J+  and  J 
are  considered  as  being  created  continuously  within  the  volume  of  the  primary 
beam  1^,.  Consider  the  ionization  current  created  in  a  section  of  the  beam  at 
potential  U  as  in  Figure  A 1-1.  The  increment  of  rate  of  ionization  is: 


dN^  <r 

IT  t  V  f  dx 


(Al-5) 


and  since  all  ion  generation  is  assumed  to  be  collected  by  the  electrodes  then: 

dN 

J.  =  - -  . 

+  dt 


The  total  ion  current  is  hence: 


J 


+ 


(Al-6) 


The  value  of  is  a  strong  function  of  position  only  close  to  the  emitting  tip 
and  this  region  is  outside  the  region  of  ionization  so  it  can  be  neglected  and  a 
uniform  field  of  V/d  assumed.  Hence: 
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Figure  Al-1.  Diagram  to  Illustrate  the  Ionization  Process 
in  the  Ipterelectrode  Space 


2-545 
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dU 

U 


(Al-7) 


J 


+ 


J„N  <r  d 
F  o 


V 


J  N  <r  d 
F  o 

V 


where  U.  is  the  ionization  potential.  Although  the  ion  current  is  integrated  in  this 
manner  each  increment  at  potential  U  will  contribute  to  ^d~ 


from  Equation  (Al-4) 


~  and  we  have 
dx  s 


i 


J 

e 


.  d_  dU\  2 
*  *  dl J  dx j 


-  1) 


(Al-8) 


where 


e 


and  since  J  is  weighted  according  to  the  value  of  U  at  which  ionization  occurred 
c 

then: 


_d  _  dy\  ^  (ji  -  1) 

du  ld*/  s  VH^Z£f_  uyir 


(Al-9) 
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Integrating  this  we  have: 


(dU  | 

2  JFNcro(K-l)d 

rv 

dU 

|dx  J 

> 

1 

A 

u3/2 

JfN  «to  (Ji  -  1)  d 

2 

1  1  . 1  1 

- 

Vl/  — 

V  m 

e 

3 

'  vl 

- 

(Al-10) 


Since  U.<ST 
1 


V  the  second  limit  can  be  neglected  and 


dU 

dx 


2 


2  JF«  orQ  (jx  -l)d 


e 


(Al-11) 


So  far  we  have  not  considered  the  third  term  in  Equation  (4).  When  it  is  in¬ 
cluded  and  integrated  we  have: 


X 


2 


3 


l—l*  * 
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In  this  final  integration  the  initial  exit  velocity  of  the  electronic  by  field  emission 

(  2  ) 

has  been  neglected.  This  has  been  treated  by  Stern,  Gossling  and  Fowler 
and  is  a  valid  approximation  at  very  high  current  densities,  such  as  would  be 
expected  close  to  the  breakdown  condition. 
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RATE  OF  GAS  EVOLUTION  FROM  THE  ANODE 


Temperature  and  density  profiles  governed  respectively  by  the 
diffusion  of  thermal  energy  by  conduction  or  by  matter  transport  according 
to  Fick's  law  follow  the  same  basic  partial  differential  equations. 


K  V  T  =  P  ^ 
D  V  n  =  a  f 


(A2-.1) 


The  difference  lies  in  D(T)  which  is  a  function  of  temperature  and,  therefore, 
of  position. 

The  geometry  of  each  diffusion  process  is  identical  and  the  boundary 
conditions  are  similar  if  it  is  assumed  that  gas  is  evolved  only  from  the  heated 
disc  surface  and  negligibly  from  the  surrounding  part  of  the  surface.  The  grad¬ 
ients  are  opposite  since  mass  transport  is  towards  the  surface  and  heat  trarsfer 
2 

P/cm  /f*»c  away  from  it  (Fig.  A2-1).  Hence,  consider  the  total  rate  of  particle  trans- 

1,2, 

port  N/cm  /sec  to  be  a  mass  flow  directed  opposite  to  the  heat  flow.  Thus: 


D(T)  Vn  _  N 
KV  T  P 


(A2-2) 


if  steady  state  conditions  are  assumed. 

•  ZlL  e  ^n  e  NK 

*  *  VT  dT  PD(T)  (A2-3) 

This  equation  shows  that  for  an  identical  displacement  the  incremental  change 
of  number  density  with  temperature  is  a  function  of  temperature.  Thus  the  num¬ 
ber  density  difference  between  the  surface  and  deeply  inside  the  surface  is  ob¬ 
tained  by  integration  of  this  between  the  corresponding  temperature  limits 
(Figure  A2~2). 
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DISTANCE  INTO  METAL 


Figure  A2-  2.  Gas  Density  Distribution  Beneath 
Metal  Surface 
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where  D*1  is  the  average  value  of  the  inverse  of  the  diffusion  coefficient  between 
the  surface  and  the  bulk  metal.  Thus, 


-  a  d-* 


(A2-8) 


The  rate  of  gae  evv*otion  can  now  be  calculated  from  the  rate  n  per 
cm  /sec  at  which  the  surface  atoms  surmount  the  surface  energy  barrier  h  . 

The  number  density  of  atoms  at  the  surface,  n-g  has  just  been  shown 
to  b«  related  to  the  rate  of  evaporation  from  the  surface  N  by  the  diffusion  pro¬ 
cess*  Gas  atoms  present  at  the  surface  must  acquire  an  activation  energy  h 
■  u  ' ' 

to  loave  tike  metal  as  well  as  the  energy  H  to  diffuse.  Hence,  the  number  leaving 

■  '■  '  p 

the  Surface  will  be  equal  to  the  rate  of  arrival  from  inside  the  metal  multiplied 
by  the  Boltsmann  factor: 


Thus  the  number  of  unbound  atoms  will  be  n  exp  (  -  pU  )  and  the  arrival  rate 
nfC  • 

will  be  1  4  ao  the  number  leaving  the  surface  per  unit  area/sec 
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where  c  is  the  most  probable  thermal  velocity.  Thus  the  total  number  N 
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wkera  it  a  weighted  mean  temperature  figure  A2-3). 
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When  the  second  term  in  the  denominator  is  dominant  we  have: 
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From  the  density  profile  it  is  seen  that  n  »  n  and  the  surface  depletion  is 

9 

small  i.  e. ,  when  the  rate  of  evaporation  ia  relatively  smalL 
When  the  first  term  is  dominant  we  have: 


4RD  n  exp 
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THE  PUMPING  CONDUCTANCE  OF  PLANE  PARALLEL  DISCS 

The  streaming  of  a  gas  down  a  tube  results  from  a  density  gradient 
of  molecules  between  its  extremities  A  similar  argument  applies  of  course  be- 
tween  the  axis  and  periphery  of  two  plane  parallel  electrodes  when  gas  is  evolved 
at  the  center  of  one  electrode.  Molecules  collide  with  the  solid  surfaces,  los¬ 
ing  momentum  and  being  scattered  in  random  directions.  There  will  thus  be  a 
resultant  molecular  flow  only  when  there  is  a  greater  density  of  molecules  at 
one  place  than  at  another.  This  difference  in  number  density  can  then  be  re¬ 
lated  to  the  rate  of  flow  of  gas  through  the  system. 

There  is  a  relationship  between  the  mass  flow  M  and  pressure  grad¬ 
ient  rtp/dl  across  any  vacuum  pumping  impedance.  ^ 1  * 

m  «  -k  ~ 

\3  V"/Vpl  O  dl  (A3- 1 ) 

where 


A  *  area  of  cross  section 
O  -  circumference  of  normal  cross  section. 

For  two  discs  of  radius  a  separated  by  a  gap  d  we  have: 
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Integrating  between  any  radius  r  and  the  periphery  we  have: 
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Hence  the  pumping  conductance  is: 
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where 

R  s  radius  of  hot  spot 
a  a  radius  of  electrode 
T  a  ga8  temperature 

2 

p  a  density  at  temperature  of  experiment  and  at  1  dyne /cm 
pressure. 

d  s  gap  separation 


The  rate  of  gas  flow  has  thus  far  been  arbitrarily  chosen.  It  can  be 
related  to  the  value  ft  of  gas  evolved  from  an  anode  hot  spot  by  considering  the 
fraction  intercepted  by  the  cathode.  Only  this  portion  can  take  part  in  the  stream 
ing,  the  remainder  being  lost  to  the  pump  as  fast  as  it  is  evolved.  The  angular 
distribution  of  the  evolved  molecules  will  be  according  to  cos  0  where  0  is  the 
angle  between  the  molecular  velocity  and  the  normal.  Hence  the  fraction  inter¬ 
cepted  by  the  cathode  is: 


de 

f  cos  0  d0 
Jo 

(A3- 10) 


This  factor  will  multiply  the  pumping  conductance. 

s.  ;„a  .  JEL. . 
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PREBREAKDOWN  PHENOMENA  IN  VACUUM  GAPS 

by 

A.  Watson,  A.  S.  Denholm  and  M.  J.  Mulcahy 
Ion  Physics  Corporation 


INTRODUCTION 

A  characteristic  of  electrode  gaps  in  vacuum  is  that  there  exists  no 
unique  breakdown  voltage  but  only  a  band  of  possible  values  attainable  after 
many  prior  sparks  have  passed  during  an  initial  "conditioning"  procedure. 

The  literature  to  date  is  confused  about  the  significance  of  this  procedure 
and  of  the  electrode  materials,  shapes  and  finish  in  determining  breakdown 
voltage.  It  is  pertinent  to  question  whether  shape  and  finish,  which  are  dis¬ 
turbed  after  sparking,  can  be  preserved  by  a  different  choice  of  procedure 
for  voltage  application,  leaving  them  available  for  the  experimenter  to  vary 
at  will. 

It  should  be  theoretically  possible  to  monitor  enough  physical  variables 
during  voltage  application  to  describe  adequately  the  processes  leading  up  to 
gap  failure.  Recognition  of  an  incipient  breakdown  without  damaging  the 
electrodes  would  permit  repetitive  testing  under  similar  conditions,  being 
particularly  useful  with  low  impedance  power  supplies. 

The  present  investigation  was  directed  towards  developing  a  condition¬ 
ing  procedure  involving  minimal  sparking  and  to  search  for  a  criterion  for 
incipient  breakdown. 

One  shape  only  of  large  area,  unbaked,  met&llurgically  polished  stain¬ 
less  steel  electrodes  was  used  throughout.  During  stepwise  voltage  applica¬ 
tion  the  variables  monitored  were  gap  current,  light  output,  partial  pressure 
of  hydrogen  or  nitrogen,  and  X-radiation.  The  processes  accompanying  the 
approach  to  gap  failure  were  thus  monitored,  to  see  if  they  were  slow  enough 
to  permit  recognition  of  a  breakdown  criterion. 

APPARATUS 

Hollow  domes  of  304  stainless  steel  serving  as  approximately  uniform 
field  electrodes,  8  inches  in  diameter,  were  centrally  positioned  at  fixed 
gaps  of  up  to  1  cm  within  the  3  foot  wide  stainless  steel  vacuum  chamber  at  the 
ends  of  two  250  kv  bushings.  Organic  contamination  was  eliminated  by  using 
gold  gaskets  throughout,  and  pumping  down  to  6.  10"^  torr  with  a  mercury 
diffusion  pump  and  liquid  nitrogen  cold  trap.  The  mass  spectrometer  ion 
source,  protruding  inside  from  the  wall  was  screened  from  the  large  applied 
field  within  the  chamber  which  otherwise  perturbed  it.  Outside  of  the  3/4 
inch  thick  glass  monitoring  port  were  two  thallium  activated  Nal  scintillators 
viewing,  respectively,  either  the  whole  electrode  region  or  only  the  inter¬ 
electrode  space  through  a  collimator  made  from  two  narrowly  separated 
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parallel  aluminum  slabs.  Visible  radiation  from  this  port  was  reflected 
sideways  by  a  plane  mirror  to  a  photomultiplier  to  separate  it  from  accom¬ 
panying  X-radiation,  thus* avoiding  damage  to  the  photocathode. 

Gap  current  fluctuations  were  observed  using  a  160  kv,  1.  5  mA  recti¬ 
fier  source  and  external  resistors  of  400  kilohm  and  15  megohm  to  vary  the 
effective  output  impedance. 

The  electrodes  were  hand  ground  initially  with  wet  silicon  carbide 
paper  of  successively  finer  grade,  followed  by  finer  grinding  on  a  variable 
speed  wheel.  This  was  continued  with  sill:  using  a  succession  of  fine  grades 
of  alumina  powder  and  was  completed  with  a  wash  and  wipedown  with  gamal 
cloth. 


ELECTRODE  CONDITIONING 

Starting  with  fresh  unconditioned  electrodes  the  voltage  was  increased 
in  steps  of  2,  5  or  iO  kv,  depending  on  the  gap  setting  and  the  voltage,  while 
at  the  same  time  monitoring  the  N2  or  H2  partial  pressure  peak  on  the  mass 
spectrometer.  It  was  found,  by  observing  the  current  pulse  shapes  and  the 
associated  partial  pressure  rises  that  a  threshold  voltage  existed  for  the 
appearance  of  microdischarges.  A  plot  of  initial  threshold  voltage  versus 
gap  separation  io  shown  in  Figure  1.  This  is  in  good  agreement  with  a 
similar  plot  of  Arnal.(^)  Microdischarges  appeared  as  groups  of  apparently 
da™Ped  oscillatory  waveforms  similar  to  those  described  by  Mansfield  et 
al'  and  associated  with  X-radiation  pulses  modulated  in  frequency  accord¬ 
ing  to  the  pressure  rise  (Figure  3). 

During  the  course  of  the  microdischarge  investigation  no  pressure 
increases  were  observed  until  the  microdischarge  threshold  voltage  was 
reached,  and  above  this  the  magnitude  increased  with  the  height  of  the  volt¬ 
age  steps.  Frequent  breakdowns  occurred  when  the  pressure  increases 
were  large  and  it  was  found  that  these  could  be  reduced  in  number,  if  not 
eliminated,  by  using  smaller  voltage  steps.  Occasionally  large  pressure 
increases  did  occur,  in  which  case  the  voltage  was  3*educed  or  switched  off 
before  breakdown  could  take  place. 

From  these  observations  a  conditioning  procedure  was  evolved  for 
unbaked  but  clean  polished  electrode  surfaces.  Initially  the  voltage  was 
increased  incrementally  every  two  minutes  until  a  pressure  rise  was 
observed,  and  then  allowed  to  decay  to  zero.  The  height  of  the  voltage  steps 
was  limited  to  a  level  at  which  breakdowns  were  unlikely  to  occur  during  the 
gas  surge  and  the  stepwise  voltage  increase  was  continued  until  surface 
roughening  took  place  (to  be  described  later). 

The  conditioning  apparently  involves  the  controlled  removal  of  gas 
from  the  electrodes. 

Comparison  in  Figure  2  of  the  breakdown  voltages  measured  with  the 
new  technique  and  with  spark  conditioning  clearly  shows  improvement  in  tee 
breakdown  voltage  and  it*  deterioration  aa  a  function  of  number  of  sparks. 
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MONITORING  TECHNIQUES 


Pulse  height  histograms  drawn  from  scintillator  signal  oscillograms 
of  microdischarge  activity  showed  that  during  the  pressure  surge  there  were 
two  peaks  in  the  photon  energy  spectrum  (Figure  4)  but  after  its  decay  the 
lower  energy  peak  disappeared.  Microdischarge  current,  although  initiated 
by  an  ion  exchange  mechanism,  was  shown  by  Mansfield(^)  and  Pivovar  and 
Gordienko(^)  to  be  mostly  electrons.  The  anode  presents  a  thick  absorbing 
X-ray  target  to  these,  most  of  which  assume  the  whole  applied  potential  but 
during  the  pressure  surge,  interelectrode  gas  intervenes  as  an  additional 
thin  target,  intercepting  some  electrons  to  generate  the  lower  photon  energy 
peak. 

When  high  voltages  were  reached  with  the  new  conditioning  procedure 
a  steady  X-radiation  level  grew  due  to  cold  cathode  Fowler -Nordheim  emis¬ 
sion  from  sites  of  enhanced  field  strength  just  as  Pivovar  and  Gordienko^) 
have  observed  and  attributed  to  surface  etching.  At  still  higher  voltages  the 
level  rose  while  microdischarges  abated,  permitting  an  accurate  measure¬ 
ment  of  the  steady  X-ray  level  as  a  function  of  voltage.  Typical  recordings 
are  shown  in  Figure  5. 

In  thick  targets,  electrons  generate  X-radiation  intensity  Ux  propor¬ 
tionally  to  the  square  of  the  applied  voltage,  V.H)  Hence  relative  changes 
in  electron  current  can  be  derived  from  corresponding  X-radiation  densities 
and  this  technique  has  been  used  throughout  the  present  investigation.  Elec¬ 
trons  emitted  according  to  the  Fov/ler -Nordheim  law  thus  produce  X-radiation 
according  to: 

U  =  A  K  ^—7—  exp 
X  d^ 

where: 

B,  K  =  constants 

A  =  emitting  area 

d  =  gap  separation 

(3  =  field  enhancement  factor 

A  plot  of  log  (Ux/V4)  as  a  function  of  V"^  should  thus  be  linear. 

Without  measured  work  functions  these  plots  yield  only  relative  values 
of  field  enhancement  factor  and  emitting  area  but  their  present  value  is  in 
signifying  changes  in  these  parameters  taking  place  as  breakdown  is 
approached.  While  linear  plots  occurred  in  this  investigation,  the  com¬ 
moner  non-linear  variety  (Figure  6)  evidenced  cathode  surface  changes  as 
the  voltage  increased.  Repetitively  raising  and  lowering  the  voltage  in 
increments  without  sparking  failed  to  yield  reproducible  results  (Figure  7). 
When  extended  to  the  breakdown  limit  this  procedure  failed  to  show  any 
correlation  between  the  penultimate  field  enhancement  factor  and  breakdown 
voltage  (Figure  8). 
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Emission  parameters,  being  derived  from  the  slope  of  the  F owler- 
Nordheim  plot,  require  readings  at  several  voltage  levels  for  Iheir  meas¬ 
urement.  When  they  are  time  dependent  the  parameter  changes  should  be 
small  during  the  interval  between  voltage  increments  to  permit  approximate 
measurement.  As  breakdown  approached  the  changes  grew  faster  and  ren¬ 
dered  their  measurement  impossible.  Changes  in  field  enhancement  factor 
and  emitting  area  were  occurring  at  constant  voltage. 

Gas  or  vapor  evolution  rate  just  prior  to  breakdown  then  suggested 
itself  as  a  potentially  significant  parameter  with  which  to  describe  the 
approaching  breakdown  since  the  accompanying  X-ray  emission  is  readily 
detectable  in  the  case  of  microdischarges.  Radiation  density  UXc  from  the 
inter  electrode  space  is  proportional  to  the  product  of  gas  density,  ng,  elec¬ 
tron  current  Ie  and  the  Bremsstrahiung  cross  section  erg.'  * 

Uxc  was  accordingly  monitored  by  directing  at  the  inter  electrode  space 
a  collimator  made  from  two  narrowly  separated  aluminum  slabs  through 
which  photons  passed  to  a  scintillator.  The  current  was  simultaneously 
monitored  and  the  relative  gas  density  was  derived  from: 
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where  K  =  constant.  Hence: 
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A  typical  recording  appears  in  Figure  9. 

The  right  hand  side  of  Equation  (4)  was  evaluated  experimentally  and 
is  plotted  in  Figure  10  as  a  function  of  voltage  up  to  breakdown.  Surprisingly 
the  gas  density  appears  to  decrease  but  the  illusion  is  dispelled  by  noting  that 
erg  can  decrease  if  the  interelectrode  gas  is  progressively  diluted  with  hydro¬ 
gen.  This  would  reduce  the  mean  square  cross  section  and  produce  the 
observed  effect  if  ng  does  not  increase  too  much.  Evidence  of  this  was 
gathered  from  hydrogen  partial  pressure  records  from  the  mass  spectro¬ 
meter  which  shows  surges  as  breakdown  is  approached.  It  thus  appears  that 
hydrogen  gas  accumulates  in  the  gap. 

Light  intensity  was  monitored  under  these  conditions  as  it  increased 
stepwise  with  voltage  together  with  X-ray  intensity  (Figure  11).  At  higher 
voltages  both  X-radiation  and  light  output  rose  at  constant  voltage  as  well  as 
the  light  output  per  unit  current.  Since  the  light  growth  occurs  during  the 
gas  evolution  phase  it  seems  most  likely  due  to  gas  luminescence.  Transition 
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radiation  would  also  appear  but  it  cannot  explain  the  increase  in  light  output 
per  unit  current  which  would  have  to  remain  fixed  at  constant  voltage. 

This  gradual  increase  at  constant  voltage  of  all  of  the  measured  para¬ 
meters,  total  and  collimated  X-radiation,  hydrogen  partial  pressure  and 
light  output  was  found  to  increase  steadily  during  the  last  few  voltage  incre¬ 
ments  of  1  kv  or  less  prior  to  breakdown.  The  phenomenon  has  been  termed 
"runaway". 

Reduction  of  the  voltage  by  up  to  10%  was  found  to  be  insufficient  to 
arrest  this  regenerative  process  which  rray  take  many  seconds  to  complete 
(see  Figure  12,  the  apparent  fall  in  X-ray  level  is  due  to  scintillator  satura¬ 
tion).  Breakdown  voltages  were  very  reproducible  when  voltage  was  applied 
in  5,  10  or  25  second  intervals  but  a  conditioning  effect  took  place.  Experi¬ 
ments  with  2.  5  mm  and  5  mm  gaps  established  that  the  breakdown  voltage 
varies  as  the  square  root  of  the  gap  separation. 

CONCLUSIONS 

From  this  work  it  appears  that  only  under  restricted  conditions  is 
there  a  nondestructive  criterion  for  incipient  breakdown  of  vacuum  gaps. 
Nonetheless  the  techniques  developed  and  enumerated  below  are  of  value  in 
permitting  the  vacuum  gap  to  be  completely  described  prior  to  and  during 
breakdown.  Thus,  current  or  total  X-radiation  monitoring  each  give  infor¬ 
mation  on  the  state  of  the  cathode  surface  and  on  microdischarge  activity. 
Collimated  X-radiation  gives  the  total  residual  gas  or  vapor  pressure  in  the 
gap  with  a  rapid  response  time  and  is  complemented  by  mass  spectrometry 
which  yields  only  chamber  pressure  but  can  resolve  gas  constituents.  A 
steady  uncontrolled  runaway  is  indicated  by  the  total  and  collimated  X-radia- 
tion  measurements  under  restricted  conditions.  This  is  further  supported  by 
visible  radiation  monitoring  which  is  extremely  sensitive  to  the  effect. 

In  conclusion  the  preliminary  program  has  been  successful  in  yielding 
data  from  which  the  steps  leading  up  to  breakdown  have  been  identified. 
Prebreakdown  phenomena  associated  only  with  unbaked  electrodes  have  been 
studied  and  the  principal  conclusions  derived  from  this  program  can  be  sum¬ 
marized  as  follows: 

1.  A  conditioning  technique  has  been  developed  which  does  not 
involve  sparking  and  consequent  electrode  damage.  The  technique  has  been 
compared  with  the  more  conventional  spark  conditioning  method  and  the' 
decrease  in  gap  strength  by  sparking  has  been  measured. 

2.  Microdischarge  phenomena  have  been  studied  and  the 
results  largely  verify  the  work  of  previous  investigators.  In  addition,  an 
associated  rise  in  the  partial  pressures  of  residual  gases  has  been  studied. 

3.  Microdischarge  activity  has  been  shown  to  be  followed  by 
a  field  enhancement  at  the  cathode  and  the  consequent  Fowler -Nordheim 
field  emission  probably  occurs  from  a  variety  of  sites.  Discontinuities  in 


current  changes  as  a  function  of  voltage  are  believe  *  w  j 
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Figure  1.  Variation  of  Microdischarge  Threshold 
Voltage  as  a  Function  of  Gap  Distance 


Figure  2.  Comparison  of  Breakdown  Sequence  Diagrams  for  Electrodes 
Conditioned  by  Sparking  and  by  Present  Technique 
(Gap  =  2.  5  mm.  Pressure  =  5  x  10"7  Torr) 
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Figure  3.  Simultaneous  Recording  of  N£  Partial  Pressure 

and  X-Ray  Output 


k.  SCCONO  TEST 


Figure  4.  Experimentally  Determined  Pulse  Height 
Spectra  of  X-Rays  During  Conditioning 
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Figure  5.  Typical  Recording  of  X-Radiation  from  Etched  Surface  as 
the  Voltage  is  Increased  in  Steps 
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Figure  6.  Equivalent  Fowler -No rdheim  Plots  of  X-Ray  Output 
Showing  Result  of  Variations  in  Field  Enhancement 
Factor  and  Effective  Emitting  Surface  Area 


Figure  7, 


Fowler -Nordheim  Plots  for  Two  Consecutive  Voltage 
Applications  Without  Breakdown 


Figure  8.  Sequence  of  Diagrams  of  Breakdown  Voltages  with  the 
Corresponding  Average  Enhancement  Factors 
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Figure  9. 


Figure  10. 
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Figure  12.  Visible  and  X-Ray  Recording  Demonstrating  Runaway 
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DESIGNED  EXPERIMENTS  ON 
HIGH  VOLTAGE  VACUUM  BREAKDOWN 

by 

M.  J.  Mulcahy,  A.  S.  Denholm  and  A.  Watson 
Ion  Physics  Corporation 

and 

G.  Taylor  and  M.  Chrepta 
U.  S.  Army  Electronics  Command 


INTRODUCTION 

An  experiment  has  been  designed  to  study  the  factors  influencing  high 
voltage  vacuum  breakdown  under  conditions  pertinent  to  high  power  tube  oper¬ 
ation  at  100  to  300  kv.  Ti >e  need  for  this  has  been  generated  by  present-day 
requirements  for  extremely  high  power  radar  and  communication  systems, 
high  energy  particle  accelerators  and  ion-propulsion  systems.  The  demand 
is  greatest  in  components  such  as  vacuum  tubes,  vacuum  capacitors  and  ion- 
propulsion  systems  where  high  voltage  must  be  insulated  by  vacuum  in  small 
spaces.  Therefore  a  reliable  relation  between  the  hold-off  voltage  and  the 
factor  or  factors  that  affect  electrical  breakdown  in  vacuum  is  needed  for  the 
design  of  these  components. 

A  second  reason  for  this  study  is  that,  in  spite  of  the  voluminous  liter¬ 
ature  on  the  subject,  there  are  insufficient  data  available  to  permit  a  straight¬ 
forward  approach  to  the  design  of  high-voltage  sections  of  high-power  electron 
tubes  and  other  devices.  Indeed  a  study  of  this  literature  shows  a  wide  diver¬ 
gence  in  both  the  data  and  the  theories  that  have  been  generated  from  the  data. 
Figure  1  shows  the  spread  of  data  from  experiments  by  a  number  of  investi¬ 
gators.  These  experiments  were  carried  out  in  the  traditional  manner,  vary¬ 
ing  the  distance  between  electrodes  and  recording  a  breakdown  voltage  for  that 
spacing.  The  experimental  conditions  such  as  preparation,  material,  finish 
and  area  of  electrodes,  pressure,  contamination  level  and  method  of  voltage 
application  varied  between  one  experiment  and  another.  In  some  cases  condi¬ 
tions  which  can  be  significant  were  not  specified. 

For  these  reasons,  therefore,  it  was  decided  to  carry  out  a  statistically 
designed  controlled  experiment  on  the  factors  which  affect  voltage  breakdown 
in  vacuum  in  the  range  100  to  300  kv.  The  statistical  approach  was  chosen 
because  it  provides  a  powerful  tool  for  the  analysis  of  the  results  and  enab  es 
information  to  be  derived  from  a  minimum  number  of  experiments  on  the 
effects  of  the  individual  factors  and  as  many  of  the  joint  effects  of  two  or  more 
factors  as  are  required. 
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FACTORS  AFFECTING  BREAKDOWN 


The  16  factors  shown  in  Table  1  were  considered  the  most  likely  con¬ 
tributors  to  the  breakdown  process.  They  are  separated  into  two  groups, 
flexible  and  inflexible.  The  flexible  factors  can  all  be  varied  continuously 
without  disturbing  the  test  setup.  The  inflexible  factors,  on  the  other  hand, 
are  constructional  and  with  the  exception  of  bakeout  they  cannot  be  varied 
without  opening  the  vacuum  test  chamber.  It  was  also  recognized  that  the 
last  four  of  the  inflexible  factors  were  concerned  with  a  particular  applica¬ 
tion  and  they  were  dropped  from  the  initial  investigation  to  reduce  the  com¬ 
plexity  and  accelerate  the  investigation.  They  will  be  introduced  into  the 
next  phase  of  the  experiment. 

Meanwhile  the  remaining  factors  will  be  investigated  at  two  levels.  It 
is  of  interest  to  note  here  that  the  magnetic  field  may  be  regarded  as  three 
factors;  namely,  horizontal,  vertical  and  oblique. 

APPARATUS 

The  apparatus  has  to  satisfy  the  following  requirements.  The  vacuum 
test  chamber  should  evacuate  to  10“ 9  torr  and  be  free  of  organic  contamina¬ 
tion.  Further,  it  is  required  to  bake  to  400°C  either  the  chamber  and  con¬ 
tents  or  the  electrodes  alone.  Within  the  chamber  a  voltage  up  to  300  kv  is 
specified  for  application  across  the  electrode  gap,  and  in  some  experiments 
a  magnetic  field  of  500  gauss  is  required  either  perpendicular  or  parallel  to 
the  electric  field  vector.  Finally,  two  energy  storage  levels,  100  J  and  7000 
kj,  are  desired  together  with  the  facility  for  crowbarring  in  the  latter  case 
at  variable  times  after  initiation  of  a  vacuum  breakdown.  The  monitoring 
instrumentation  developed  during  a  preliminary  experiment^1)  is  fitted  to 
provide  a  continuous  recording  of  the  total  and  collimated  X-radiation,  the 
visible  radiation,  the  gap  current  magnitude  and  wave  shape  and  the  partial 
pressure  of  hydrogen. 

The  test  vehicle  is  shown  in  Figure  2.  The  vacuum  chamber  is  made 
by  welding  together  two  spun  hemispherical  sections  of  304  stainless  steel, 

36  inches  diameter  by  l-l/8  inch  thick.  This  thickness  eliminates  the  need 
for  welded  flanges  at  the  ports.  The  chamber  is  equipped  with  three  16  inch 
diameter  ports.  One  is  at  the  top  for  the  electrode  support  and  adjusting 
mechanism,  another  at  th?  bottom  for  the  bakeable  feedthrough  bushing,  and 
the  third  at  the  side  for  access  and  electrode  changes.  There  is  also  a  10 
inch  port  for  the  ion  pump,  and  6  inch  ports  are  available  for  optical  and 
X-ray  detectors,  a  mass  spectrometer,  cryo  pump  and  controlled  leak  valve. 
Gold  or  copper  O-ring  seals  are  used  throughout. 

The  power  supply  is  a  Van  de  Graaff  generator  located  in  its  pressure 
vessel  beneath  the  vacuum  chamber  (Figure  2).  It  has  a  stabilizing  circuit 
which  reduces  the  ripple  and  long  term  fluctuations  to  less  than  1%  and  it 
provides  precise  voltage  control  up  to  300  kv  with  a  maximum  current  of 
200  pA.  It  is  connected  to  the  electrodes  via  a  100  ohm  resistor  and  the 
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bakeable  feedthrough  bushing  and  has  in  parallel  a  12  .foot  length  of  high  volt¬ 
age  cable  which  both  aids  in  the  stabilization  and  stores  about  20  joules  of 
energy,  or  serves  as  connection  with  the  larger  energy  store.  The  design  of 
the  feedthrough  bushing  is  shown  in  Figure  3  and  is  described  in  detail  else¬ 
where.^)  it  consists  of  a  bakeable  ceramic-copper  column  which  extends 
into  the  vacuum  chamber  and  an  unbakeable  glass -aluminum  column  located 
in  the  Van  de  Graaff  pressure  tank.  The  ceramic  column  is  brazed  via  a 
Monel  alloy  404  flexure  ring  to  a  stainless  steel  flange  and  the  latter  makes 
a  gold  O-ring  seal  at  the  bottom  port.  The  two  columns  are  held  together 
using  a  stainless  steel  tension  rod  which  also  carries  the  heater  and  thermo¬ 
couple  leads  for  the  high  voltage  electrode.  The  bushing  is  pressurized  to 
45  psia  SF^  and  voltage  grading  is  effected  using  a  solid  dielectric  insert  with 
a  spiral  groove  along  which  are  wound  two  strings  of  100  megohm  resistors, 
one  for  each  column.  This  insert  also  provides  axial  insulation  at  the  ground 
plane. 

Two  electrode  materials,  OFHC  copper  and  forged  Ti-7Al-4Mo  alloy 
have  been  used  to  date.  The  electrodes  are  3  inches  in  diameter  and  either 
spherical  or  Bruce  profile. The  anode  is  fixed  in  location  on  top  of  the 
bakeable  feedthrough  bushing  while  the  insulating  support  and  adjusting  mech¬ 
anism  for  the  cathode  consists  of  a  welded  bellows  construction  which  enables 
gaps  up  to  3  cm  to  be  obtained.  The  cathode  support  system  was  designed 
with  a  minimum  of  stray  capacitance  to  permit  fast  current  monitoring. 
Heaters  and  thermocouples  are  located  in  each  electrode  so  that  they  could 
be  baked  independently  of  the  system. 

The  requirement  of  producing  a  magnetic  field  of  500  gauss  in  any 
selected  direction  relative  to  the  electrode  geometry  was  achieved  using 
water-cooled  crossed  coils  (Figure  4)  which  could  be  dropped  over  the  cham¬ 
ber  for  test  and  removed  during  system  bakeout.  The  dimensions  are  as 
follows : 

Coil  Mean  Radius  Copper  Weight  Approximate  Power 

Inner  56.  00  cm  430  lb  12.  5  kw 

Outer  67. 44  cm  610  lb  17.  0  kw 

The  7000  joule  energy  storage  unit  consists  of  four  80  kv,  0.  6  pf  cylin¬ 
drical  Tobe  Deutschmann  capacitors  20  inches  high  and  13  inches  in  diameter. 
They  are  stacked  vertically  as  shown  in  Figure  5  with  grading  resistors 
housed  axially  inside  each  unit  in  a  vessel  pressurized  to  2  atmospheres'  of 
SF^.  Figure  5  also  shows  the  location  of  the  grounding  mechanism  and  the 
crowbar.  The  control  and  logic  circuitry  is  so  designed  that  it  will  cause  the 
crowbar  to  fire  and  divert  the  stored  energy  at  predetermined  times  after 
initiation  of  the  main  gap  breakdown. 

SEVEN  FACTOR  PILOT  EXPERIMENT 

In  applying  the  statistical  design  to  experiments  on  vacuum  breakdown 
it  was  decided  to  conduct  initially  a  two  level,  seven  factor  pilot  experiment. 
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This  experiment  should  show  that  all  factors  are  under  adequate  control  and 
provide  information  on  the  effect  of  varying  the  most  likely  factors  and  in 
particular  on  the  importance  of  system  bakeout.  A  one -fourth  replicate 
factorial  design  involving  32  runs  or  treatments  was  chosen.^)  From  this 
the  imDortance  of  all  factors  can  be  determined  but  not  all  the  interactions. 

The  factors  for  this  pilot  experiment  were  chosen  on  a  basis  of  poten¬ 
tial  importance  and  the  simplicity  with  which  they  could  be  varied.  In  fact 
they  consisted  of  the  first  seven  inflexible  factors  listed  in  Table  1. 

The  selection  of  a  particular  experimental  design  and  the  assigning  of 
letters  to  the  factors  determines  which  +wo-factor  interactions  are  con¬ 
founded.  First,  therefore,  the  several  processes  which  have  been  proposed 
for  breakdown  were  considered  including  field  emission  dependent  processes, 
the  clump  mechanism  and  microdisch*  rge  effects.  The  resultant  assign¬ 
ment  of  letters  to  factors  is  shown  in  Table  2.  The  factors  are  represented 
by  the  letters  A-G  and  the  levels,  high  and  low,  by  the  letters  a-g  or  the 
numeral  1,  respectively.  From  this  the  main  factor  reactions  and  all  but 
the  following  two  factor  interactions  are  measurable,  AB,  CE,  AC,  BE,  AE, 
and  BC,  and  also  the  effect  of  any  two  factor  interaction  involving  !"he  bake¬ 
out  factor  D  is  clear  of  any  other  main  effect  or  two-iactor  interaction  of 
interest. 

The  order  of  the  32  experiments  was  determined  in  a  random  manner 
and  then  arranged  in  a  circle  as  shown  in  Figure  6.  It  is  statistically  accept¬ 
able  to  initiate  the  pilot  experiment  at  any  point  of  the  circle  and  then  to  pro¬ 
ceed  either  clockwise  or  counterclockwise.  Treatment  "bdefg"  was  chosen 
as  the  starting  point  and  it  was  decided  to  proceed  in  the  clockwise  direction. 
The  factor  level  for  all  treatments  is  shown  in  Table  3.  Thus,  for  this  first 
experiment  the  electrodes  only  were  baked  and  they  were  both  highly  polished 
titanium  and  of  Bruce  profile.  Just  prior  to  this  the  complete  system  was 
baked  out,  ensuring  a  clean  test  vehicle  at  the  outset  of  the  experiment. 

PROCEDURES 

Controlled  procedures  are,  of  course,  essential  to  reproducible  results 
and  good  control  is  mandatory  for  the  designed  experiment.  Methods  for 
electrode  preparation,  installation,  bakeout  and  voltage  application  were 
determined,  and  used  to  standardize  the  levels  of  the  factors  to  be  examined 
and  to  keep  constant  those  factors  to  be  held  invariant. 

Electrode  Preparation  and  Installation 

For  coarse  finish  the  electrode  surfaces  are  wet  ground  with  silicon 
carbide  p&per  using  successively  finer  grits  in  the  sequence  180,  320,  400 
and  600.  For  fine  finish  the  surfaces  after  grinding  are  polished  with  15 
micron  alumina  abrasive,  and  then  with  microcloth  and  alumina  abrasives  of 
5,  1,  0.  3  and  0.  05  micron  size  both  using  a  powered  felt  covered  wheel  or  a 
spindle  and  by  hand.  At  the  termination  of  the  grinding  or  polishing  opera¬ 
tions  the  electrodes  were  rinsed  in  water  and  methyl  alcohol  and  dried  in  hot 
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air.  Just  prior  to  assembly  in  the  test  chamber  they  are  rinsed  in  acetone 
and  trichloroethylene  and  wiped  with  acetone  and  methanol  using  cheese 
cloths.  Finally,  they  are  wiped  with  Foamwipes  in  the  chamber.  During 
electrode  installation  the  chamber  is  continuously  flushed  with  dry  nitrogen 
which  exits  through  the  access  port. 

Bakeout 

i  a  e  ThC  bakhlg  cycle  for  both  system  and  electrode  bakeout  was  fixed  at 
breaks  down  as  12  hours  for  the  electrodes  between  400°C 
and  450  C,  and  8  hours  for  the  chamber  betwe  n  350°C  and  400°C.  In  each 
case,  the  electrodes  are  allowed  to  cool  to  less  than  75°C  before  test  initia¬ 
tion.  The  pressure  then  is  low  10“*  torr  to  mid  10'8  torr  region  for  elec¬ 
trode  only  bakeout  and  low  10'8  torr  region  for  system  bakeout. 

Voltage  Application 

The  gap  is  initially  set  at  1.  0  cm  and  the  voltage  increased  in  10  kv 

e”ry.two  mlnute‘  “P  to  breakdown.  The  voltage  i.  not  .witched 
1  c  .u  increased  at  the  same  rate  to  a  second  breakdown  after 

which  the  supply  ,s  switched  off.  This  gives  points  1  and  2  on  Figure  7.  The 

“  '”rMd  rapidly  *°  within  10  kv  of  the  first  breakdown  volt- 
g  nd  then  in  10  kv  steps  every  two  minutes  until  breakdown  (point  3  of 

‘8"e  .  Th'  gaP  18  then  8et  successively  at  1.  5.  2.  0,  2.  5.  3.  0  and  0.  5 

down  a„H.h  V°ltoge  ,'"cr'ased  rapidly  to  within  10  kv  of  the  previous  break¬ 
down  and  then  in  10  kv  increments  to  breakdown,  except  in  the  0.  5  cm  case 

Fivurl  7*  tT  rapidly  *°  60  kv-  This  gives  point.  4,  5.  6.  7  and  8  of 
,  gap  18  th8n  re-8e‘  *0  >•  0  cm,  the  breakdown  voltage  checked 

Ibout  i  !  Tt!  gap  conditioned  by  sparking  until  the  voltage  is  increased  by 
“  ‘  “%:  Jke  -oltage  is  then  switched  off  and  conditioned  breakdown  volt- 
ages  obtained  for  all  gaps  (points  f0  through  16). 

r  °"rin8  the8e  operations  the  following  parameters  are  continuously 
ecorded:  total  and  collimated  X-radiation,  optical  radiation,  H2  partial 

pressure  and  gap  current.  The  current  wave  shapes  are  also  monitored  on 
an  oscilloscope. 


RESULTS 

At  the  time  of  writing,  28  of  the  32  treatments  in  the  pilot  experiment 
.  VH  eei"  °f  the8e»  14  involved  system  bakeout  and  14  elec¬ 

trode  only  bakeout.  It  is  of  interest  to  note  here  that,  including  the  bakeouts 

metal8."7 1 iT  Check°ut*  the  ce  ramie -copper  column  (22  brazed  ceramic/ 
metal  seals)  has  now  undergone  18  bakeouts  in  the  range  300  to  400«C  and 
operates  satisfactorily  to  300  kv. 

Statistical  Analysis 

The  unconditioned  and  conditioned  breakdown  values  for  the  1.  0  cm  gap 
have  been  used  for  the  analysis  which  was  carried  out  in  treatments  5  through 
8,  i.  e.  ,  24  treatments.  However,  before  presenting  the  results  of  this  8 
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Both  voltage  and  current  relationships  are  being  analyzed  at  present 
and  will  be  reported  at  a  later  date. 

CONCLUSIONS 

The  main  statistical  conclusion  to  date  is  that  the  effect  of  no  factor 
of  simple  combination  of  factors  has  proved  strong  enough  to  overcome  the 
standard  deviation  or  error  function.  This  may  be  explained  partly  by  the 
fact  that  the  experiment  is  not  yet  complete  and  also  by  the  fact  that  the  pro¬ 
cedure  was  not  finalized  until  about  9  treatments  had  been  completed.  How¬ 
ever,  the  possibility  should  not  be  ruled  out  that  variations  in  the  level  of 
some  uncontrolled  factor  may  be  responsible.  Such  a  factor,  for  example, 
may  be  the  bakeout  temperature  or  the  gas  content  of  the  electrodes.  More 
meaningful  conclusions  will  be  drawn  when  the  pilot  experiment  has  been 
completed  and  the  earlier  treatments  repeated. 

Meanwhile,  even  these  preliminary  treatments  have  been  of  great 
value  in  that  they  have  highlighted  the  need  for  controlled  experimentation  in 
vacuum  breakdown  to  get  meaningful  results,  and  also  the  danger  of  drawing 
unwarranted  conclusions  from  insufficient  data.  Several  parts  of  this 
experiment,  if  conducted  in  isolation,  could  easily  have  led  to  conclusions 
which  are  shown  to  be  unwarranted  by  the  total  experiment  to  date. 

Theories  as  to  the  physics  of  the  vacuum  breakdown  mechanism  in  the 
range  100  to  300  kv,  and  how  this  is  affected  by  the  various  factors,  will  be 
withheld  until  the  experiment  and  current  analysis  has  been  completed. 
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Table  1.  Inflexible  and  Flexible  Factors 


Inflexible  Factor* 

Flexible  Factor* 

1.  Cathode  Material 

2.  Anode  Material 

3.  Cathode  Finlah 

4.  Anode  Finlah 

5.  Cathode  Geometry 

6.  Anode  Geometry 

7.  Vehicle  Bakeout 

8.  Envelope  Material 

9.  Envelope  Diameter 

10.  Electrode  Shield  Sire 

11.  Electrode  Shield  Placement 

-  - 

12.  Reaidual  Gas  Pressure 

13.  Energy  of  Supply 

14.  Contaminant 

15.  Magnetic  Field 

16.  Electrode  Spacing 

Table  2.  Factors  and  Levels  for  Pilot  Experiment 


Factor* 

Letter* 

Level* 

1  -  Ti-7 Al-4 Mo 

i/ttnod6  Material 

c 

<C 

c  -  OFHC  Cu 

Cathode  Finish 

g  -  Fine 

G 

C 

1  -  Coarae 

Cathode  Geometry 

B 

b  -  Bruce  Profile 

c 

1  -  Sphere 

1  -  Complete  System  Bakeout 

Bakeout 

D 

c 

d  -  Electrode  Bakeout  Only 

Anode  Material 

1  -  Ti-7  Al-4  Mo 

A 

<d 

a  -  OFHC  Cu 

Anode  Finiah 

f  -  Fine 

F 

<c 

1  -  Coarae 

Anode  Geometry 

e  -  Bruce  Profile 

E 

<c 

1  -  Sphere 

Table  3.  Order  and  Factor  Level  for  Pilot  Experiment 


Experiment 

Material 

Cathode 

Finiih 

Geometry 

Bake  out 

Materia] 

Anode 

Finiih 

Geometrv 

bdefg 

Ti 

Fine 

Bruce 

Electrode 

Ti 

Fine 

Bruce 

abdf 

Ti 

Coaree 

Bruce 

Electrode 

Cu 

Fine 

Sphere 

Ti 

Fine 

Sphere 

Syatem 

Ti 

Fine 

Sphere 

adefg 

Ti 

Fine 

Sphere 

Electrode 

Cu 

Fine 

Bruce 

bed 

Cu 

Coaree 

Bruce 

Electrode 

Ti 

Coarie 

Sphere 

ade 

Ti 

Coaree 

Sphere 

Electrode 

Cu 

Coarie 

Bruce 

ab 

Ti 

Coaree 

Bruce 

Syitem 

Cu 

Coarie 

Sphere 

beg 

Ti 

Fine 

Bruce 

Syitem 

Ti 

Coarie 

Bruce 

b«f 

Ti 

Coaree 

Bruce 

System 

Ti 

Fine 

Bruce 

acf 

Cu 

Coaree 

Sphere 

Syitem 

Cu 

Fine 

Sphere 

ebedeg 

Cu 

Fine 

Bruce 

Electrode 

Cu 

Coarie 

Bruce 

Cl 

Cu 

Coaree 

Sphere 

Syitem 

Ti 

Coarie 

Bruce 

abfg 

Ti 

Fine 

Bruce 

Syitem 

Cu 

Fine 

Sphere 

bef 

Cu 

Coaree 

Bruce 

Syitem 

Ti 

Fine 

Sphere 

ebdg 

Ti 

Fine 

Bruce 

Electrode 

Cu 

Coarie 

Sphere 

edeg 

Cu 

Fine 

Sphere 

Electrode 

Ti 

Coarie 

Bruce 

bde 

Ti 

Coaree 

Bruce 

Electrode 

Ti 

Coarie 

Bruce 

df 

Ti 

Fine 

Sphere 

Electrode 

Ti 

Coarie 

Sphere 

acd 

Cu 

Coaree 

Sphere 

Electrode 

Cu 

Coarie 

Sphere 

ebce 

Cu 

Coat-ci 

Bruce 

Syitem 

Cu 

Coarie 

Bruce 

aeg 

Ti 

Fine 

Sphere 

Syitem 

Cu 

Coaria 

Bruce 

abcefg 

Cu 

Fine 

Bruce 

Syitem 

Cu 

Fine 

Bruce 

bedfg 

Cu 

Fine 

Bruce 

Electrode 

Ti 

Fine 

Sphere 

aeg 

Cu 

Fine 

Sphere 

Syitem 

Cu 

Coarie 

Sphere 

aef 

Ti 

Coaree 

Sphere 

Syitem 

Cu 

Fine 

Bruce 

<1) 

Ti 

Coaree 

Sphere 

Syitem 

Ti 

Coarie 

Sphere 

edaf 

Cu 

Coaree 

Sphere 

Electrode 

Ti 

Fine 

Bruce 

aedfg 

Cu 

Fine 

Sphere 

Electrode 

Cu 

line 

Sphere 

abedef 

Cu 

Coaree 

Bruce 

Electrode 

Cu 

Fine 

Bruce 

cefg 

Cu 

Fine 

Sphere 

Syitem 

Ti 

Fine 

Bruce 

df 

Ti 

Coaree 

Sphere 

Electrode 

Ti 

Fine 

Sphere 

beg 

Cu 

Fine 

Bruce 

Syitem 

Ti 

Coarie 

Sphere 

Table  4,  Trends  for  Unconditioned  Breakdown  Voltages  of 
1.  0  cm  Gaps  (Treatments  5  through  28) 
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Figure  3  Bakeable  Feedthrough  Bushing 


Figure  4.  500  Gauss  Magnetic  Field  Coils  and  Power  Supply 
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Figure  5.  Outline  of  300  kv  Energy  Storage 
System  with  Crowbar 
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Figure  6.  Random  Selection  Wheel  for  Pilot  Experiment 
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Figure  7.  Sequence  of  Breakdowns  for  Treatment  'acg1 


Figure  8.  Unconditioned  and  Conditioned  Breakdown 
Voltages  for  Treatment  '(1)' 
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VACUUM  BREAKDOWN  AS  A  FUNCTION 
OF  GAP  SEPARATION* 

A.  Watson  and  M.  J.  Mulcahy 
Ion  Physic 8  Corporation 

Vacuum  breakdown  voltages  up  to  300  kv  were  measured  at  pap 
separations  from  0.  5  to  3.  0  cm.  Two  experimental  techniques  were  compared. 
First,  the  voltage  was  raised  in  steps  for  each  gap  separation,  recording  the 
first  isolated  breakdown  and  terminating  the  test.  Second,  the  voltage  was 
increased,  neglecting  isolated  sparks,  until  repetitive  sparking  occurred. 

Both  techniques  yielded  curves  of  the  breakdown  voltage  as  a  function  of  gap 
separation  at  various  stages  of  conditioning  by  sparking.  Other  curves  were 
similarly  obtained  after  leaving  the  vacuum  system  to  decondition.  The  repeti¬ 
tive  sparking  voltage,  but  not  the  isolated  sparking  voltage,  varied  approxi¬ 
mately  linearly  with  the  square  root  of  the  gap  separation.  The  logarithm  of 
the  current  immediately  prior  to  breakdown  was  plotted  as  a  function  of  the 
square  root  of  gap  separation  for  both  techniques.  A  linear  decrease  was 
observed  for  repetitive  sparking  but  no  such  trend  appeared  with  isolated 
breakdown  until  after  deconditioning.  When  the  electrodes  only  were  baked  at 
400°C,  as  opposed  to  the  complete  system,  pressure  surges  of  hydrogen  were 
observed  just  below  the  breakdown  voltage. 

*  Work  sponsored  by  the  Advanced  Research  Projects  Agency,  U.  S. 

Department  of  Defense. 
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